One sentence summary: Yeast genes involved in regulating cysteine uptake affect production of hydrogen sulfide from cysteine during fermentation. Editor: Isak Pretorius † Vladimir Jiranek, http://orcid.org/0000-0002-9775-8963
INTRODUCTION
An early burst of hydrogen sulfide (H 2 S) produced by Saccharomyces cerevisiae during fermentation could potentially elevate the levels of varietal thiols, 3-mercapto-hexanol (3MH) and 3-mercaptohexylacetate (3MHA), and therefore enhance pleasant, tropical aromas in varieties such as Sauvignon Blanc (Schneider et al. 2006; Winter et al. 2011; Harsch et al. 2013; Araujo et al. 2016 Araujo et al. , 2017 . However, the majority of H 2 S liberation does not occur until yeast assimilable nitrogen in grape juice becomes depleted during fermentation (Jiranek, Langridge and Henschke 1995a) .
Yeast could be legally induced to produce an early burst of H 2 S during winemaking by supplementation with rehydration nutrients that are rich in glutathione. It was proposed that the sulfur-containing amino acid, cysteine, a constituent of glutathione (γ -L-glutamyl-L-cysteinylglycine), is degraded by yeast to generate this early H 2 S production (Winter et al. 2011) . Whilst, cysteine is naturally present in grape juice at very low concentrations (<20 mg L −1 ) (Ugliano and Henschke 2009), commercial yeast nutrient products containing cysteine e.g. Laffort FreshArom, could be supplemented during fermentation to boost the concentration of antioxidant glutathione and therefore, preserve thiols (O'Kennedy 2013) . Yeast has been known since the 1970s to be capable of releasing H 2 S from cysteine (Tokuyama et al. 1973) . Since then, several yeast genes and mechanisms have been suggested to explain H 2 S production from cysteine. Winter, Cordente and Curtin (2014) identified several vacuole-related genes, whose deletion resulted in less H 2 S production from cysteine. Their findings suggest that the yeast vacuole, which is functionally similar to the mammalian lysosome, may play a crucial role in relieving cysteine toxicity by degrading cysteine to H 2 S. Santiago and Gardner (2015a) demonstrated that the full-length IRC7 gene encodes a cysteine desulfhydrase, which cleaves cysteine to generate H 2 S. However, most yeast strains have a 38-bp deletion within the IRC7 gene, which results in a truncated protein of 340 amino acids, lacking ß-lyase activity (Roncoroni et al. 2011) . Recently, yeast TUM1 was reported to affect H 2 S from cysteine during fermentation, with yeast Tum1p thought to have enzyme activity similar to its human orthologue, sulfurtransferase, which is responsible for generating H 2 S from cysteine (Huang et al. 2016) . Despite recent progress in our understanding of yeast cysteine catabolism, much work is still required to identify other genes involved in this process and to fill knowledge gaps.
A genome-wide screen of thousands of yeast deletants from yeast single-gene deletion libraries for their H 2 S production has proven to be a powerful approach to identify yeast genes responsible for H 2 S formation (Linderholm et al. 2008; Yoshida et al. 2011; Winter, Cordente and Curtin 2014) . To date, yeast deletion libraries have been screened using a range of H 2 S screening assays including (i) BiGGY (Bismuth Glucose Glycine Yeast) agar plates (Linderholm et al. 2008) , (ii) YPD plus lead nitrate agar plates (Yoshida et al. 2011) and (iii) the methylene blue reduction method (Winter, Cordente and Curtin 2014) . However, studies have suggested that deletion of the genes, identified by these assays, does not necessarily have similar impacts on H 2 S in a fermentation setting (Linderholm et al. 2008; Yoshida et al. 2011; Huang et al. 2016) .
In this work, we aimed to identify other yeast genes required for H 2 S production from cysteine during fermentation. Our screen differs from others, in that the AWRI1631 Wine Yeast Deletion Library (WYDL) collection (Varela et al. 2012 ) was screened using a colony colour assay that mimics a typical grape juice (Jiranek, Langridge and Henschke 1995b; Santiago and Gardner 2015a) . The genes identified in this study as affecting H 2 S formation from cysteine expand not only our current understanding of the cysteine transport process in yeast in a grape juice-like, cysteine-supplemented fermentation condition, but could also be valuable for the breeding of wine yeasts with potential to preserve (enhance) varietal thiols.
METHODS

Yeast strains and culture
The yeast strains used for this study are listed in Table 1 MATa/α, respectively (Goldstein and McCusker 1999) . Non-sulfate CDGJM medium (Huang et al. 2016) , used in agar plates for screening H 2 S production, was prepared by combining filter-sterilised 2x stock and molten 2x bacteriological agar (RM250, Amyl Media, Melbourne, Australia).
Screening of yeast deletants for effect on H 2 S formation from cysteine
Cultures of the AWRI1631 WYDL collection (Varela et al. 2012) and BY4741 deletion collection (Euroscarf), stored at -80
were thawed and transferred to 96-well plates (Costar 3596, Sigma-Aldrich, NSW, Australia) containing 200 μL YPD using a 96-channel pipette (Gilson PlateMaster P220, John Morris Scientific, Australia) and incubated for 48 h at 28
• C. The yeast precultures (5 μL) were then spot-inoculated using a 96-channel pipette onto Nunc OmniTrays (O0764-1CS; 128 mm × 86 mm; Sigma-Aldrich, NSW, Australia) containing non-sulfate chemically defined grape juice agar medium. The media composition contained magnesium chloride rather than magnesium sulfate (Harsch et al. 2010; Santiago and Gardner 2015b; Huang et al. 2016) , 5 g L −1 bismuth, 0.15 mM methionine plus or minus 5 mM cysteine (non-sulfate CDGJM agar + Bi ± 5 mM Cys + 0.15 mM methionine). It should be noted that the AWRI1631 deletion library was screened on non-sulfate CDGJM agar + Bi ± 5 mM Cys + 0.15 mM magnesium sulfate + no methionine. The minimal concentration (0.15 mM) of magnesium sulfate that was initially supplemented to facilitate cell growth was later replaced with 0.15 mM methionine (non-sulfate CDGJM agar + Bi ± 5 mM Cys + 0.15 mM methionine) for the screening of BY4741 deletion library, in order to minimise H 2 S production from the sulfate assimilation pathway. The screenings were conducted in duplicate. The plates were incubated at 28
• C for 96 h, and colony colour was assessed visually against the wild-type strains.
Fermentations and H 2 S quantification
The selected candidate genes identified from the screening were further validated in lab-scale fermentations. Yeast starter cultures were prepared by inoculating a single yeast colony into starter medium (2% sugar, non-sulfate CDGJM plus 0.15 mM methionine) for 24 h at 28
• C. The starter culture was centrifuged, washed and resuspended in sterile water to inoculate 100 mL of medium (non-sulfate CDGJM ± 5 mM Cys + 0.15 mM methionine) at 2.5 × 10 6 cells L −1 . Elevated amounts of histidine (200 mg L −1 ), leucine (300 mg L −1 ) and uracil (100 mg L −1 ) were included for auxotrophies (Harsch et al. 2010) . Fermentations were conducted in triplicate in 250 mL flasks at 28
• C with shaking at 100 rpm. Fermentation progress was monitored daily as weight loss due to CO 2 evolution (Bely, Sablayrolles and Barre 1990) . Ferments were considered finished when weight loss was ≤ 0.1 g per 24 h. H 2 S produced by yeast during fermentation was measured by lead acetate H 2 S detector tubes (4H: 1-2000 ppm; GASTEC, Japan) that tightly fitted into the glass fermentation airlock (Park 2008) .
Genetic manipulation and strain construction
PCR was performed using Velocity DNA polymerase (Bioline, Australia). Yeast deletion strains were confirmed using Kan B or Kan C primers together with gene-specific primers as reported in Table S1 (Supporting Information). Yeast transformation was conducted using the lithium acetate method (Gietz et al. 1992 ).
The deletion of LST7 was achieved by amplifying the HphMX cassette in plasmid pAG32 plus ∼100 bp of homologous untranslated sequence flanking LST7 (using the primers pair Del-lst7-F and Del-lst7-R; Table S1 , Supporting Information). The PCR products were used for yeast transformation with selection of transformants on YPD agar plates containing hygromycin (300 mg L −1 ). LST7::HphMX deletants were confirmed by PCR using primers Hph-I-F and RClst7 (Table S1 , Supporting Information). The LST4 was deleted through a similar approach. The overexpression of genes involved in regulating cysteine uptake was achieved by using the Yeast Genomic Tiling Collection (Jones et al. 2008) purchased from Open Biosystems (YSC4613, Thermo Fisher Scientific, Lafayette, CO). The leucine auxotrophic strain BY4743 was individually transformed with the plasmid pGP564 (LEU2 selectable marker and 2-μm plasmid, as control) and plasmids containing the cloned ORFs of the candidate genes. The transformants were selected on synthetic complete leucine drop-out plates (SC-leu) (Sherman 2002) . It should be noted that these overexpression strains not only overexpressed the gene of interest but also the adjacent three to four genes.
Data analysis
The mean, standard error of the mean (SEM) and t test (two samples assuming unequal variances) were performed using Microsoft Excel 2013 (Microsoft, Redmond, Washington, USA). Analysis of variance (ANOVA) and Tukey's honestly significant difference test were conducted using JMP software (SAS Institute, Cary, NC, USA). Statistical significance was set at the confidence level of 5%.
RESULTS
Validation of yeast deletion library genotype and screening assay for H 2 S production Several yeast genes responsible for H 2 S formation from cysteine have been successfully identified from a genome-wide screen using a laboratory BY4742 yeast deletion library (Winter, Cordente and Curtin 2014) . In order to identify other candidate genes affecting H 2 S formation from cysteine, we conducted a genome-wide screen but using other yeast deletion libraries and an alternative screening assay.
Two yeast deletion libraries were screened in this study: (i) the AWRI1631 wine yeast deletion library (∼2000 deletants) (Varela et al. 2012) and (ii) the laboratory BY4741 ( met17) yeast deletion library (∼5000 deletants). The AWRI1631 wine yeast deletion library was selected because the deletion library was constructed using a prototrophic wine strain and the strain background is more representative of that used to conduct wine fermentations. It also has not previously been screened for H 2 S production from cysteine. Deletion of MET17 was observed to produce an additional delayed burst of H 2 S from cysteine (Huang et al. 2016) . Interestedly, this delayed burst of H 2 S was not detected for the MET5 deletant in the BY4741 ( met17) background during our initial trials (Fig. S1A , Supporting Information). Therefore, to identify other genes affecting this delayed H 2 S production caused by the deletion of MET17, we decided also to screen H 2 S production by deletants in the BY4741 ( met17) yeast deletion library.
A modified version of bismuth-containing indicator agar resembling grape juice (Jiranek, Langridge and Henschke 1995b; Santiago and Gardner 2015a) was employed in this work to tum1, was used as negative control. Images were taken after 96 h incubation at 28
screen H 2 S formation from cysteine. The assay is sensitive enough to detect H 2 S formed this way as both AWRI1631 and BY4741 strains were observed to form darker coloured colonies when cysteine (5 mM) was added ( Fig. 1 ). The principle of the assay is based on bismuth reacting with sulfide to form dark coloured precipitates of bismuth sulfide (Nickerson 1953) . We were interested in those deletants that could still form light coloured colonies on cysteine supplemented media, as this would indicate that the genes deleted were involved in the generation of H 2 S from cysteine. Since BY4741 already formed quite darkly coloured colonies on non-sulfate CDGJM agar + Bi + 5 mM Cys + 0.15 mM methionine ( Fig. 1 ), we were primarily interested in deletants that produced light colony colours when screening the BY4741 deletion library.
Deletion of LST4 or LST7 resulted in lighter coloured colonies and reduced production of H 2 S from cysteine
Both lst4 and lst7 deletants were identified to produce somewhat lighter coloured colonies than the wild-type strains from the screening experiment ( Fig. 2A) . Interestingly, the lst4 deletant was also identified as a low H 2 S producer from cysteine in the previous genome-wide study using the BY4742 deletion library (Winter, Cordente and Curtin 2014) . A further laboratory-scale fermentation experiment using non-sulfate CDGJM and 0.15 mM methionine plus or minus 5 mM cysteine (Huang et al. 2016 ) was thus performed to confirm the screening results. In addition, the deletion strains in the BY4743 laboratory background have been successfully used to identify genes affecting H 2 S production from cysteine during fermentation and they were also observed to ferment much better than strains in the BY4742 laboratory background (Harsch et al. 2010; Huang et al. 2016) . Therefore, we decided to include deletion strains in the BY4743 background to further verify the results obtained from the screens and use them to explore other candidate genes affecting H 2 S production from cysteine.
The fermentation experiment showed that H 2 S was only produced by wild-type strains when cysteine was supplemented, indicating that cysteine is the most likely source of H 2 S (Fig. 2B ). It also confirmed that the lst4 and lst7 deletants did in fact produce significantly less H 2 S on high concentrations of cysteine than the wild-type strains in different genetic backgrounds (Fig. 2B) .
Although the lst4 and lst7 deletants were observed to ferment relatively slower than the wild type (Figs S2A and S2B, Supporting Information), this minor decrease in fermentation rates is unlikely to result in the observed ∼70% reduction in H 2 S formation ( Fig. 2B : BY4743 and AWRI1631 background). Therefore, we decided to further investigate the roles of LST4 and LST7 in cysteine catabolism.
Deletion of LST4 or LST7 further decreased H 2 S in a tum1 deletant
Previous studies have suggested that multiple genes are responsible for H 2 S production from cysteine (Winter, Cordente and Curtin 2014; Huang et al. 2016) . The yeast TUM1 gene has been recognised as one of the key genes responsible for the production of H 2 S from cysteine during fermentation (Huang et al. 2016) . We were therefore interested in the additive effect of deleting both TUM1 and LST4 or LST7 on H 2 S from cysteine. The amount of H 2 S produced by an AWRI1631 tum1 deletant was further reduced by deleting either LST4 or LST7. As shown in Fig. 3 , there was no difference in H 2 S production between the double deletants ( lst4/ lst7) and the single deletants of lst4 and lst7.
Deletion of GNP1, AGP1 and MUP1 reduced H 2 S production from cysteine
The yeast Lst4-Lst7 GTPase-activating protein complex is responsible for activating Gtr2p, in response to the presence of amino acids and the target of rapamycin (TOR) pathway (Péli-Gulli et al. 2015) . This complex mediates the transport of the general amino acid permease Gap1p from the Golgi to the cell surface, with mutations in LST4 and LST7 leading to a decrease in Gap1p activity (Roberg et al. 1997 ). Therefore, the reduced H 2 S production from cysteine observed for lst4 and lst7 is most likely as a result of reduced cysteine uptake. GAP1 and the cysteine permease genes AGP1, GNP1, BAP2, BAP3, TAT1, TAT2, MUP1 and YCT1 (During-Olsen et al. 1999; Kosugi et al. 2001; Kaur and Bachhawat 2007) were chosen for further investigation. To our surprise, deletion of GAP1 did not reduce H 2 S from cysteine but deletion of GNP1, AGP1 and MUP1 did in the laboratory strain BY4743 background (Fig. 4) . A reduction in production of H 2 S from cysteine was also observed for mup1 deletant in the AWRI1631 background (Fig. 4) .
Deletion of STP1 and DAL81 involved in the SPS-sensing pathway reduced H 2 S production from cysteine
The expression of yeast GAP1 has been shown to be regulated by nitrogen (nitrogen catabolite repression) (Hofman-Bang 1999).
On the other hand, AGP1 and GNP1 are regulated by Ssy1-Ptr3-Ssy5 (SPS) sensor (Forsberg et al. 2001) . We were interested in knowing whether deletion of genes involved in the SPS-sensing pathway would also lead to a reduction in H 2 S production from cysteine. Our results showed that deletion of STP1 and DAL81 did reduce H 2 S from cysteine significantly (Fig. 5) , and this indirectly demonstrated that the SPS-sensing pathway did play a significant role in cysteine uptake under the fermentation conditions.
Other deletants identified from the screening of AWRI1631 wine yeast deletion library
A few deletants other than lst4 and lst7 were also observed to form lighter coloured colonies than the wild-type on non-sulfate CDGJM agar + Bi ± 5 mM Cys + 0.15 mM magnesium sulfate + no methionine (Table 2) ; an indication that they produced less H 2 S from cysteine. However, these deletants either had smaller colonies (e.g. AWRI1631 mct1, ktr1) or are involved in the sulfate assimilation pathway (e.g. AWRI1631 met5, met16; Fig. S3 , Supporting Information). The smaller colony-forming deletants such as AWRI1631 mct1, ktr1 fermented slower than the wild type (data not shown), suggesting that their inability to generate H 2 S (dark colonies) from cysteine was likely due to their growth defect. Deletion of MET genes (e.g. MET1, MET5, MET8 and MET10) has been shown to result in the formation of white colonies on BiGGY agar (Linderholm et al. 2008 ) and here, the MET gene deletants were also observed to form lighter coloured colonies in the presence of cysteine, although they also had lighter colouration even when cysteine was not added (Fig. S3 , Supporting Information). Since MET3, MET5 and MET10 do not affect H 2 S from cysteine during fermentation (Huang et al. 2016 ), a significant amount of the H 2 S detected by the assay conditions (0.15 mM sulfate) was likely to be from the sulfate assimilation pathway. Some of the yeast deletants formed darker coloured colonies than the wild-type on non-sulfate CDGJM agar + Bi ± 5 mM Cys + 0.15 mM magnesium sulfate + no methionine (Table 2 ), indicating that they produced more H 2 S from cysteine. However, most of these already formed darker coloured colonies even when cysteine was not supplemented (Fig. S3 , Supporting Information) and some of the deletants (e.g. AWRI1631 hom2, hom6) have been identified to form darker coloured colonies on BiGGY agar (Linderholm et al. 2008) . Therefore, their effects on colony colouration might not be cysteine specific. Interestingly, yeast deletants with smaller colonies (e.g. AWRI1631 pps1) were observed to produce darker colonies than the wild type.
The formation of darker coloured colonies than the wild type by vacuole-related gene deletants (e.g. AWRI1631 vps4, vps25 and vps36) (Fig. S3, Supporting Information) is consistent with the BiGGY agar results obtained by Linderholm et al. (2008) . However, Winter, Cordente and Curtin (2014) proposed that this elevated production of H 2 S by vacuole-related gene deletants (seen as darkly coloured colonies on BiGGY agar) is not related to cysteine catabolism, and it has also been observed that deletion of VPS25 or VPS36 in AWRI1631 had limited effect on H 2 S from cysteine during fermentation (Huang et al. 2016 ).
Deletion of HEM25 may reduce H 2 S from cysteine
The AWRI1631 hem25 deletant was observed to form lighter coloured colonies than the wild type in the initial screen (Fig.  S3, Supporting Information) ; however, the colonies were also lighter when cysteine was not supplemented. Fermentation (Linderholm et al. 2008) . c Deletants in underlined font indicate they had obvious smaller colonies (growth defects).
trials revealed that hem25 did produce less H 2 S than the wild type in both BY4743 and AWRI1631 backgrounds, but deletion of HEM25 only resulted in ∼30% reduction in H 2 S production in the AWRI1631 background (Fig. 6) . Therefore, it is unclear whether the HEM25 gene plays a significant role in H 2 S formation from cysteine, given that the hem25 deletants were observed to ferment at a slightly slower rate relative to the wild-type strains (Fig. S4 , Supporting Information). This slight growth defect was also observed by Lunetti et al. (2016) for BY4742 hem25 grown on YPD media. The yeast HEM25 gene (Heme synthesis by SLC25 family member) has recently been identified as encoding a Figure 6 . Cumulative H2S production of the wild-type strains and the hem25 deletants in laboratory strain BY4743 and wine yeast strain AWRI1631 backgrounds (separated by dotted lines). Fermentations were performed in 100 mL of non-sulfate CDGJM plus 5 mM cysteine and 0.15 mM methionine at 28
• C with shaking at 100 rpm. H2S was measured by lead acetate H2S detector tubes (4H: 1-2000 ppm; GASTEC, Japan). Data represent mean values of triplicate fermentations ± standard error of the mean (SEM). Asterisks above bars represent significant differences compared to the wild types ( * P < 0.05, two-tailed Student's t test).
mitochondrial glycine transporter and is required for heme synthesis (Fernández-Murray et al. 2016) . Given that H 2 S from cysteine was affected by some of genes involved in iron-sulfur homeostasis when deleted (Winter, Cordente and Curtin 2014) , makes it perhaps further investigation of the role of HEM25 in H 2 S formation from cysteine by more sensitive H 2 S detection methods is worthwhile, in order to decipher the mechanism involved.
Other deletants identified from the screening of laboratory BY4741 ( met17) yeast deletion library
To identify the candidate genes affecting the delayed burst of H 2 S from cysteine ( met17), the BY4741 ( met17) yeast deletion library was screened on non-sulfate CDGJM agar +Bi +0.15 mM methionine ±5 mM cysteine. However, most of the deletants that formed lighter coloured colonies (e.g. BY4741 tre1, irc10 and MET genes deletants) also produced lighter coloured ones in the absence of cysteine (Table 3 , Fig. S5 , Supporting Information). These findings suggest that a substantial amount of the H 2 S detected was from the sulfate assimilation pathway even though non-sulfate CDGJM was used. BY4741 tre1 and irc10 were observed not to affect the delayed burst of H 2 S from cysteine (Fig.  S1A , Supporting Information). Yeast deletants such as mac1, ado1 that formed smaller colonies or those noted as slower growers (e.g. coa1, mdm32) tended to form lighter coloured colonies. Interestingly, most of the deletants that formed lighter coloured colonies identified in this study have been observed to form lighter coloured colonies on lead nitrate agar plates (Yoshida et al. 2011) . Collectively, the results suggested that most of the light coloured colonies identified did not specifically affect H 2 S formation from cysteine.
BY4741 met5 * , qdr2 * , msl1 * and coa1 * were observed to affect the delayed burst of H 2 S from cysteine (Fig. S1A , Supporting Information). However, they turned out to have a functional MET17 gene (as identified by PCR; Fig. S1B : met5 * , Supporting Information), so whilst they have decreased H 2 S production, it is not related to the delayed burst of H 2 S as described by Huang et al. (2016) . The yeast Dbf2p is a serine-threonine protein kinase that has been shown to be required for transcription, sorbic acid stress tolerance and vacuolar acidification (Liu et al. 1997; Makrantoni et al. 2007) . The vacuolar acidification deletants have been Table 3 . BY4741 deletants that formed lighter or darker colony colours than the wild type on non-sulfate CDGJM agar + Bi ± 5 mM cysteine + 0.15 mM methionine.
BY4741 deletants that formed lighter coloured colonies
Functional name/group ( cbf1), met1, met3, met10, met14, met16, ( met18), met28, met5 *
Methionine biosynthesis ( ada2)
Transcription tre1 Metal transporter degradation mdm32
Mitochondrial inner membrane protein rsm25
Mitochondrial ribosomal protein of the small subunit sds3
Component of the Rpd3L histone deacetylase complex ldb18
Component of the dynactin complex paf1 RNA polymerase II associated factor irc10, ( mac1), ( ado1), ( pex4), ( ume6), ( rtg2), ( idh1), ( fyv5), ( fen2),  ( trk1), suv3, dfg10, tps2, srv2, ccs1, rtc6, qdr2 * , msl1 * , coa1 * ,
lst7, ssd1
Others
BY4741 deletants that formed darker coloured colonies Functional name/group dbf2
Ser/Thr kinase a Function information was obtained from Saccharomyces Genome Database (http://www.yeastgenome.org/). b Deletants in underlined font were also observed to form light brown colonies on YPD plus lead nitrate agar plates (Yoshida et al. 2011 ). c Deletants denoted by an asterisk indicated that the MET17 in BY4741 was not deleted within the library. d Deletants denoted by bracket indicated that these were defective in growth, having smaller colonies on either 0 or 5 mM cysteine. e Deletants denoted by bold font indicate they already had obvious lighter coloured colonies on plate without cysteine.
shown to produce less H 2 S from cysteine (Winter, Cordente and Curtin 2014) but, interestingly, here, deletion of DBF2 gene in the BY4741 background was observed to form darker coloured colonies when cysteine was supplemented (Table 3 , Fig. S5 , Supporting Information). It has been proposed that the slower fermentation rate is the major contributor to the lower levels of H 2 S from cysteine produced by the vacuolar acidification deletants (Huang et al. 2016) . The fact that these mutants form light brown colonies on YPD plus lead nitrate agar plates in the absence of cysteine (Yoshida et al. 2011) , whilst other, vacuole-related, mutants have darker coloured colonies on bismuth-containing plates (Linderholm et al. 2008) , suggests that the darker coloured colonies produced by dbf2 are also not directly related to cysteine. Nevertheless, the possibility that the colony colour is related to other functions of Dbf2p cannot be excluded.
DISCUSSION
In this work, we have shown that either deletion of yeast LST4 or LST7 reduced production of H 2 S from high concentrations of cysteine (5 mM) during fermentation. This led to the identification of a new set of genes involved in regulating cysteine uptake that, in turn, impact H 2 S production from cysteine during fermentation. Whilst our study is not the first to report identifying lst4 as a low H 2 S producer from cysteine (Winter, Cordente and Curtin 2014) , the mechanism by which LST4 gene affects H 2 S from cysteine remains to be elucidated. Yeast LST4 and LST7 have long been known for their important roles in the transport of the general amino acid permease Gap1p from the Golgi to the cell surface (Roberg et al. 1997 ), but it was not until recently that the Lst4-Lst7 complex was also revealed to be involved in the regulation of amino acid signalling by mediating the activity of target of rapamycin complex 1 (TORC1), a central regulator of eukaryotic cell growth (Schmelzle and Hall 2000; Péli-Gulli et al. 2015) . Our findings suggest that for lst4 and lst7, the reduction in H 2 S derived from cysteine is most likely due to a defect in cysteine uptake/sensing, and unrelated to the degradation process, by which H 2 S is formed within the yeast cell. The deletion of TUM1 has been observed to reduce the H 2 S formed from cysteine by half during fermentation, and TUM1 was proposed to act like a sulfurtransferase when generating H 2 S from cysteine (Huang et al. 2016) . The observation that deletion of TUM1 further reduced the amount of H 2 S produced from cysteine by the lst4 or lst7 single deletants by ∼54% (Fig. 3) is consistent with the interpretation that the effects of LST4/LST7 and TUM1 genes on H 2 S formation from cysteine are caused by two different mechanisms. The observation that the lst4/ lst7 double deletant produced similar amount of H 2 S as the lst4 or lst7 single deletants (Fig. 3) indicates that a disruption of either LST4 or LST7 genes is enough to cause a loss of Lst4-Lst7 complex function.
To date, nine cysteine permease genes GAP1, AGP1, GNP1, BAP2, BAP3, TAT1, TAT2, MUP1 and YCT1 have been identified. The effect of these genes is dependent on growth condition and yeast genotype (During-Olsen et al. 1999; Kosugi et al. 2001; Kaur and Bachhawat 2007) . For example, Yct1p (yeast cysteine transporter) is the main cysteine-specific transporter at low-cysteine (<200 μM) concentrations. Its role becomes less prominent when other permeases start to take up cysteine at high-cysteine (>500 μM) concentrations (Kaur and Bachhawat 2007) . In addition, the cysteine permeases Agp1p, Gnp1p and Mup1p have been reported as the major cysteine transporters in media containing ammonium and limited amino acids. Deletion of GNP1 and MUP1 was shown to decrease cysteine uptake by at least 40% (minimal ammonium medium + 0. Kosugi et al. 2001) , respectively. In our study, a reduced amount of H 2 S from cysteine was also observed for gnp (∼51%), agp1 (∼38%) and mup1 (∼34%) in BY4743 but not the other cysteine permease deletants tested (Fig. 4) . The results indirectly demonstrated that Agp1p, Gnp1p and Mup1p are the dominant cysteine permeases in grape juice-like, cysteinesupplemented fermentation conditions and also showed that the cysteine uptake process could be a limiting factor for yeast to generate H 2 S from cysteine. Interestingly, deletion of MUP1 led to a ∼56% reduction in H 2 S from cysteine in AWRI1631, whilst in BY4743, H 2 S production was only reduced by 34% (Fig. 4) . It would appear that the effects of these permease genes are strain dependent, which may partly explain why different cysteine permeases have been implicated as the main cysteine permease in other studies (During-Olsen et al. 1999; Kosugi et al. 2001; Kaur and Bachhawat 2007) . The expression of yeast cysteine permease genes such as AGP1 and GNP1 is regulated by the plasma membrane Ssy1p-Ptr3p-Ssy5p (SPS) sensor (Forsberg et al. 2001) . The SPS sensor is activated in response to extracellular amino acids, and induces endoproteolytic processing of the N-terminal regulatory domain of the transcription factors Stp1p and Stp2p (located in the cytoplasm). Following targeting to the nucleus, the shortened forms of Stp1p and Stp2p activate transcription of amino acid permease genes (Andréasson and Ljungdahl 2002) . TORC1 is also activated by the Lst4-Lst7 complex on the vacuolar membrane (Péli-Gulli et al. 2015) , whereby TORC1 controls the expression of the amino acid permeases through stabilisation of the transcription factor Stp1p (Shin, Kim and Huh 2009) . Expression of the permease genes is further enhanced by the action of Dal81p (Boban and Ljungdahl 2007) .
This study took advantage of yeast being able to generate H 2 S from cysteine; the amount produced by individual yeast gene deletants related to cysteine regulation, a rough indicator of the amount of cysteine taken up. The observation that deletion of genes (in BY4743) involved in regulating amino acids uptake such as LST4, LST7, STP1 and DAL81 reduced H 2 S formation from cysteine indirectly confirmed the findings of previous studies (Boban and Ljungdahl 2007; Shin, Kim and Huh 2009; Péli-Gulli et al. 2015) . Figure 7 shows the model proposed regarding the regulation of cysteine uptake in S. cerevisiae during fermentation in a grape juice-like medium supplemented with cysteine, in which genes involved the SPS-sensing pathway and TOR pathway play central roles.
Deletion of amino acid sensor-independent genes, e.g. asi1, has been shown to result in constitutive expression of SPS sensor-regulated genes, e.g. AGP1 and GNP1, as a result of the unprocessed transcription factors Stp1p and Stp2p leaking from the cytoplasm into the nucleus and inducing the transcription of amino acid permease genes (Boban and Ljungdahl 2007) . Deletion of RTS1 was also observed to lead to constitutive amino acid signalling as the result of the increased Stp1p processing (Eckert-Boulet et al. 2006) . Interestingly, deletion of ASI1 or RTS1 in BY4743 did not affect H 2 S production from cysteine (Fig. 5) .
Results from a preliminary trial (Fig. S6 , Supporting Information), whereby the genes were overexpressed using plasmids from the Genome Tiling library (Jones et al. 2008) , suggested that overexpression of genes involved in regulating cysteine uptake may not elevate production of H 2 S from cysteine. This result is not surprising, given that Kosugi et al. (2001) observed that overexpressing MUP1 in a mup1 strain only restored the rate Figure 7 . A model proposed for the regulation of cysteine uptake in S. cerevisiae under the grape juice-like, cysteine-supplemented fermentation conditions. Yeast responds to increased extracellular cysteine by activating the SPS-sensing pathway, which then leads to the transcription factors, Stp1 and Stp2 being processed and migrating to the nucleus to induce transcription of amino acid permease genes. Dal81p is required to enhance the expression of permease genes and Agp1p; Gnp1p and Mup1p are the major cysteine permeases. The TOR pathway is activated as well, with TORC1 being activated by Lst4-Lst7 complex, localised on the vacuolar membrane. TORC1 controls the expression of amino acid permeases through stabilising the transcription factors, Stp1. Disruption of proteins in the blue font resulted in reduced H2S in this study. Whilst other permease genes may expressed, only the major cysteine permease genes identified AGP1, GNP1 and MUP1 are shown (adapted from Boban and Ljungdahl 2007; Shin, Kim and Huh 2009; Ljungdahl and Daignan-Fornier 2012; Péli-Gulli et al. 2015; González and Hall 2017). of cysteine uptake to levels similar to wild type. Together, with the findings of inconsistent improvements in 3MH levels, when MUP1 is overexpressed in yeast undergoing fermentation (Santiago 2014), we conclude that overexpression of genes, involved in regulating cysteine uptake, has limited effect on H 2 S production from cysteine and on 3MH production.
Overall, most of the genes noted in this study have previously been identified in screens for genes responsible for H 2 S from the sulfate assimilation pathway (Linderholm et al. 2008; Yoshida et al. 2011) . This result suggested that whilst efforts to remove most of the sulfate content in the liquid medium used in the assay (non-sulfate CDGJM), a substantial amount of H 2 S was still generated from the sulfate within the bacteriological agar, masking the effects of cysteine-related genes. The sulfate content in the assay could potentially be minimised by testing other solidifying agents that contain less sulfate. Alternatively, the methylene blue reduction method for H 2 S detection could be an option as it does not require addition of solidified agents. However, as evaporation and oxidation may affect the colour of methylene blue, (the basis of H 2 S detection), this method requires further evaluation (Winter and Curtin 2012) . Of note, tum1 (a known low H 2 S producer, under high cysteine conditions) only formed slightly lighter coloured colonies to the wild type on the bismuth plate assay shown in Fig. 1 . Furthermore, we cannot exclude the possibility that the somewhat lighter coloured colonies produced by lst4 and lst7 deletants were due to their slightly slower growth. In fact, the identification of genes affecting H 2 S formation from cysteine, other than LST4 and LST7, which were identified in this study, was through a candidate gene approach and therefore, a better H 2 S detection assay that accurately reflects the actual H 2 S production during fermentation would be helpful.
Whilst the deletants identified as having lighter coloured colonies do not specifically affect the H 2 S formed from cysteine, this study still provides interesting findings that may provide new insight into yeast sulfur metabolism. For example, BY4741 mdm32 (mitochondrial inner membrane protein), rsm25 (mitochondrial ribosomal protein of the small subunit), sds3 (component of the Rpd3L histone deacetylase complex), ldb18 (component of the dynactin complex) and paf1 (RNA polymerase II associated factor), which form lighter coloured colonies on our bismuth plate assay, exhibited an increased sulfur(1+) accumulation phenotype (Yu et al. 2012) . The fact that these genes, having different functions can all affect the process of sulfur(1 +) accumulation and form lighter coloured colonies on bismuth plates, raises questions as to whether the colour is a result of increased sulfur(1+) accumulation. This aspect of sulfur metabolism is clearly worthy of further investigation.
In the initial screen, BY4741 met5 * unexpectedly produced lighter colony colours and less H 2 S (Figs S1A and S5, Supporting Information). However, PCR analysis confirmed that whilst BY4741 met5 * was haploid, and the MET5 gene correctly deleted, it turned out to be a MET17 wild type (Fig. S1B , Supporting Information). MET17 was chosen as a selectable marker (in BY4741) because deletion of MET17 led to excess H 2 S production and resulted in dark-brown colonies on lead-containing plates (Brachmann et al. 1998) . Interestingly, a few met17 deletants have been observed to be able to grow slowly on synthetic dextrose minimal plates but they are not considered true revertants (Brachmann et al. 1998) . The BY4741 deletion library in our laboratory was obtained more than 10 years ago, so whilst there may be some cross-contamination, we are not sure how these MET17 revertants may have arisen.
This work illustrated the complexity of the yeast cysteine uptake processes, with many questions still to be answered. First, it is well established that yeast synthesise glutathione (Grant and Dawes 1996) , convert cysteine to methionine through the transsulfuration pathway (Hansen and Johannesen 2000) and degrade cysteine to H 2 S (Tokuyama et al. 1973) . However, high extracellular cysteine is toxic to yeast (Kumar et al. 2006) , and therefore it is intriguing that yeast can take up excess amounts of cysteine into the cell and still maintain cysteine homeostasis. We observed that yeast is rather cysteine tolerant, being able to grow at CDGJM containing 30 mM cysteine (data not shown). Our screening results showed that none of the deletants were unable to grow as a result of the high (5 mM) concentration of cysteine. Those that did not grow already grew poorly on agar plates without cysteine.
Second, the deletants with defects in the SPS or TOR pathways tested in this study still produced limited amounts of H 2 S from cysteine. Moreover, Santiago and Gardner (2015b) also showed that a yeast strain with all nine known cysteine transporters deleted could still grow on cysteine as sole nitrogen source. These findings indicate that there are more, yet unidentified, cysteine transporters or mechanisms by which yeast take up extracellular cysteine.
Another interesting question is how the Lst4-Lst7 complex is able to sense extracellular amino acids (Hatakeyama and De Virgilio 2016) . The mammalian folliculin/folliculin interacting proteins (FLCN/FNIP) complex and yeast Lst7/Lst4 complex are orthologues (Péli-Gulli et al. 2015) . The mutations in FLCN/FNIP complex have been linked to cancer (Birt-Hogg-Dubé syndrome) but the role of the FLCN/FNIP complex in cancer is not well understood currently (Nickerson et al. 2002; Pacitto et al. 2015; Péli-Gulli et al. 2015 ). The reduced production of H 2 S from cysteine for lst4 and lst7 deletants, likely due to their inability to sense and transport extracellar cysteine, may provide some insight into the role of the FLCN/FNIP complex in cancer given that H 2 S from cysteine has been shown to inhibit the growth of breast and prostate cancer cells (Chattopadhyay et al. 2012) . Moreover, yeasts with heterozygous deletion of TUM1 (the gene affects H 2 S from cysteine) have also been observed to have an abnormal cell cycle phenotype, which is associated with cancer (de Clare and Oliver 2013). Further research is needed to complete the yeast cysteine uptake/sensing puzzle, and this could potentially help us understand the mechanisms behind a human cancer.
This study was initially intended to identify yeast genes that are responsible for the degradation of cysteine to H 2 S. Instead, the main group of genes affecting H 2 S formation from cysteine identified here are those involved in regulating cysteine uptake. Previous researches on varietal thiols have focused mainly on the transport of cysteinylated and glutathionylated thiol precursors (Cordente, Capone and Curtin 2015; Santiago and Gardner 2015b) . Deletion of yeast GAP1 (general amino acid permease gene) has been shown to reduce production of 3MH and 3MHA significantly in synthetic media, likely because it may involve in the uptake of S-3-(hexan-1-ol)-L-cysteine (Cys-3MH) (Subileau et al. 2008) . Although it is obvious that yeast will not produce any significant amount of H 2 S from cysteine, if it cannot take up the extracellular cysteine in the first place, cysteine uptake is seldom considered to have any significant impact on varietal thiol production as there are at least nine yeast cysteine transporters. But here we demonstrate that deleting genes involved in cysteine uptake reduced production of H 2 S from cysteine significantly and therefore could potentially influence thiol production. To our best knowledge, this is the first time that Agp1p, Gnp1p and Mup1p (in BY4743) were indirectly shown to be the main cysteine transporters in a grape juice-like medium supplemented with high concentrations of cysteine, and that the regulation of cysteine uptake involves both the SPS-sensing and TOR pathways.
To successfully complete wine fermentation, wine yeast strains are required to respond to the rapidly changing fermentation conditions, sense and uptake the nutrients swiftly when supplemented. The polymorphisms of AGP1 gene in wine yeasts cause differences in amino acid utilisation (Jara et al. 2014) . In addition, polymorphisms in the promoter region of MUP1 were observed for BY4716 and RM11 (a vineyard isolate) (Fehrmann et al. 2013 ). The new set of genes identified here would therefore be useful as markers to screen and breed yeast strains that are capable of taking up supplemented cysteine efficiently and therefore preserve (enhance) tropical fruity aromas. Most of the deletants that produced less H 2 S from cysteine identified here could still ferment at similar rates as the wild type (except for lst4 and lst7). Wort can contain excess amounts of cysteine (up to 35 mg L −1 ) (Lawrence and Cole 1972) . Therefore, these genes could be the alternative targets for reducing H 2 S from cysteine, which might be desired for the brewing industry (Duan et al. 2004 ).
